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by repeated small additions of water to give needles, mp 69-70 
OC. Difficulties encountered were typical of the unsymmetrical 
low melting salts of 2. 

molar 
equiv of iodine in chloroform solution to a chloroform solution 
of 3. An equimolar amount of ligand (trimethylamine, 2, or 
3) was added, and the mixture was allowed to stand for 12 
h. Solvent was removed under vacuum and the residual oil 
taken up in water and metathesized with an aqueous solution 
of ammonium hexafluorophosphate. The PF6- salts precipi- 
tated as oils that were crystallized by cooling and scratching 
the vessel walls with stirring rod. Recrystallization from 

Borane cations were prepared by adding dropwise 

water/ethanol (ca. 3:l) gave soft crystals. 
Registry No. 1, 14175-47-4; 2, 76233-06-2; 3, 76250-75-4; 
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Correspondence 

which yields 
A H * 1 2  = 

[ (AH*ll  + AH*22)/2](1 -  CY' 

(4) Kostyanovski, R.  G.; Yakshin, V. V .  Izc.  Akad. Nauk SSSR, Ser. 
Khim. 1967, 2363; Chem. Abstr. 1968, 68, 7752611. 

(5 )  Miller, N. E. Inorg. Chem. 1977, 16, 2664. 

Comparisons of Experimental Activation Parameters for 
the C~(terpy)~~+-Co(bpy)?+ Redox Reaction with the 
Marcus Theory and the Fe(phen)?+'+ System 

Sir: 
The Marcus theory' is most useful for examining the ac- 

tivation free energy and its components for adiabatic outer- 
sphere redox reactions through 

k12 = Z ~XP(-AG*,~/RT)  (1) 

where 

AG*12 = w I 2  4- x12/4 4- AGo12/2 + (AG012)2/4X12 

with k12, the cross-reaction rate constant, Z ,  the collision 
frequency in solution (10" M-' s-'), and wI2 ,  the work term, 
and all others have their usual meaning. Due to the reasonably 
good agreement between the measured redox rate constant and 
the rate constant calculated from the Marcus theory for the 
C~(terpy);+-Co(bpy)~~+ system in water,2 the comparison is 
extended here to include activation parameters. The Marcus 
theory predicts a simple relationship between the activation 
free energy of a cross reaction (IAG*'~) and the activation free 
energies of the self-exchange redox reactions of the reactants 
(AG*li, AG*22): 

AG*12 = (AG*ll + AG*22)/2 + AG012(1 +  CY)/^ (2) 

and 
CY = AG012/4(AG*11 + AG*22) 

Marcus and %tin3 showed that the activation parameters 
AH*12 and for an electron-transfer reaction can be 
obtained by differentiating eq 2 with respect to temperature 

and that the relationships between the Marcus parameters and 

(1) Pelizzetti, E. Inorg. Chem. 1979, 18, 1386 and references therein. 
(2) Farina, R. D.; Wilkins, R. G. Inorg. Chem. 1968, 7, 514. 
(3) Marcus, R.  A.; Sutin, N. Inorg. Chem. 1975, Z4, 213. 

the corresponding experimental terms are 

AG* = AG* + R T  In (hZ/KT) 

AH* = fl+ RT/2  ( 5 )  
4S* = AS* - R In (hZ/KT) + R / 2  

An activation free energy ( G I )  of 14.2 kcal/mol is obtained 
from eq 2 and 5 which is in good agreement with the exper- 
imental value of 13.6 kcal/mol.2 The activation enthalpy and 
entropy of the cross reaction could not be compared due to 
the lack of data on the C ~ ( t e r p y ) ~ ~ + ? ~ +  self-exchange. Con- 
sequently, eq 3 and 4 were used to estimate these parameters 
for this self-exchange redox system. With the activation pa- 
rameters from the C ~ ( t e r p y ) ~ ~ + - C o ( b p y ) ~ ~ +  system2 and the 
C0(bpy)~~+2+ self-e~change,~ AfP and 4Ss for the Co(ter- 
py)22+33+ self-exchange are 9.4 kcal/mol and -1 2 eu, respec- 
tively. These values appear to be good estimates since their 
use in the C~(terpy),~+-Co(phen),~+ system2 gave excellent 
agreement between the observed and calculated activation 
parameters obtained from eq 3 and 4. 

The components of the activation free energy can be esti- 
mated from eq 1 which shows that the reorganization param- 
eter A12 can be determined if w12 and AGOl2 are known or can 
be calculated. The experimental value for AGOl2 is -0.69 
kcal/mo12 and the work term was estimated under the same 
experimental conditions from the expressions 

w12 = (Z1Z2/Di;) e x p [ - ( 8 ~ e ~ ~ p / l O ~ D R T ) ' ~ ~ D i ; ]  (6) 

with all terms having their usual meaning. Eq 6 yields a value 
of 0.62 kcal/mol for w 1 2  from which x12/4 is calculated to be 
11.2 kcal/mol with use of eq 1. This result is in good 
agreement with the mean value of the reorganization param- 
eters of the self-exchange redox reactions of the reactants 
which is 11.7 kcal/mol obtained from 

(7) X I 2  = (A11 + X22)/2 
Both A l l  and hz2 were estimated from their respective AG* 
values where AGO is zero and the work terms were assumed 
to be similar to that of the cross reaction. Finally, Marcus 
considers the reorganization parameter to be composed of an 
inner-sphere (Xi) and outer-sphere A, component where 

x = A, + x, (8) 
and 

(4) Chou, M.; Creutz, C.; Sutin, N. J .  Am. Chem. SOC. 1977, 99, 5615. 
(5) Reynolds, W. L.; Lumry, R. W. "Mechanisms of Electron Transfer"; 
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ion cannot be removed via a M-L n-bonding path as in 
Fe(~hen)~*+.  Moreover, eB electrons are more intimately in- 
volved in u bonding between the central metal ion and the 
coordinated ligands so that larger changes in the metal-ligand 
bonding are expected compared to the transfer of an tfs 
electron. The large difference in the inner-sphere reorgani- 
zation energies may simply reflect this and could be responsible 
for the relatively slow redox rate observed in these cobalt 
systems. Unlike the C O ( N H ~ ) ~ + , ~ +  self-exchange where the 
slowness has been attributed to energy differences between the 
spin states of the  reactant^,^ both cobalt complexes are low 
spin.1° The possibility of some nonadiabaticity brought about 
by weak interactions between reactants cannot be ruled out 
as one factor which could contribute to the slowness of the 
redox rate. Under these conditions, the outer-sphere rate 
constant would be given by k = p Z  exp(-AG*/RT) with p 
being the probability of electron transfer in the activated 
complex. However, similar arguments would be applicable 
to the self-exchange reactions of the reactants, and if all re- 
actions are uniformly nonadiabatic, Le., p122 = p11p22, the 
Marcus rate equations would still predict well as observed. 
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Table I. Comparison of Observed and Calculated Rate Parameters 
for the C~(terpy),~+-Co(bpy),~+ and Fe(phen),l+-Fe(phen), 3+ 

Systems in Water 
Co(terpy),'+- Fe(phen),'*- 

parameter Co(bpy), 3+ Fe(phen),)+ 

F A  14 14 
AG*i, kcal/mol 1.9 3.2 

kcalcd, W' s-' 32 6 X lo' 
AG*,, kcal/mol 3.3 3.3 

k o b d ,  M-'  S-' 64a  3.3 x 10'b 

Reported at 0 "C in ref 2. Reported at 25 "C in ref 7. 

A, = (AZ)'$(1/2r, t 1/2r2 - l / f ) ( l /Dop - 1/D) (9) 

so that each component can be estimated. All terms in eq 9 
have their usual meaning. A direct estimate of hi requires 
knowledge of force constants and bond lengths of these cobalt 
reactants in water which are unavailable. However, using 
reactant radii of 7 A6 with an f value of 14 8, allows X, to be 
estimated from which hi can be obtained by using eq 8. The 
values for the inner-sphere (hi/4) and outer-sphere (h,/4) 
reorganization energies are 7.9 and 3.3 kcal/mol, respectively. 
A comparison of these results with the F e ( ~ h e n ) ~ ~ + J +  system 
is made in Table I where a koM of 3.3 X lo8 M-' s-l has been 
reported for the redox rate constant.' The comparison shows 
that although the outer-sphere reorganization energies are 
similar, large differences exist in the inner-sphere reorgani- 
zation energy where the cobalt system is larger by about 4.7 
kcal/mol. A large inner-sphere reorganization energy has been 
proposed by %tin8 for these type systems of cobalt since the 
electron being transferred is removed from an eB orbital of the 
reductant where the increased electron density on the metal 

(6) Wherland, S.; Gray, H. B. Proc. Natl. Acad. Sci. US .A .  1976, 73,2950. 
( 7 )  Ruff, I.; Zimonyi, M. Elecrrochim. Acto 1973, 18 (7) ,  5 1 5 .  
(8) Sutin, N. Inorg. Biochem. 1973, 2, 631. 

(9) Stynes, H. E.; Ibers, G. A. Inorg. Chem. 1971, 10, 2304. 
(10) Davies, G.; Warnqvist, B. Coord. Chem. Rev. 1970, 5, 349. 
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Page 1057. In Table 11, the x coordinate for atom C(10) should 

Page 1058. In Table V, Mo-Cl(1) should be 2.469 (1) A and 
0.4884 (6). 

MwCl(2) should be 2.467 (1) .&-Barry L. Haymore 


